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Medicinal chemistry of the myeloid C-type lectin
receptors Mincle, Langerin, and DC-SIGN

In their role as pattern-recognition receptors on cells of the innate immune system, myeloid C-type lectin
receptors (CLRs) assume important biological functions related to immunity, homeostasis, and cancer. As
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such, this family of receptors represents an appealing target for therapeutic interventions for modulating
the outcome of many pathological processes, in particular related to infectious diseases. This review
summarizes the current state of research into glycomimetic or drug-like small molecule ligands for the

CLRs Mincle, Langerin, and DC-SIGN, which have potential therapeutic applications in vaccine research

rsc.li/medchem and anti-infective therapy.

Introduction

Myeloid C-type lectin receptors (CLRs) are pattern-recognition
receptors (PRRs) expressed on cells of the innate immune
system."™ These proteins have evolved to recognize
carbohydrate epitopes on pathogens, such as viruses,
bacteria, fungi, and parasites. After an encounter with a
pathogen, CLR stimulation can trigger an immunological
response on multiple levels (Fig. 1). Firstly, pathogen
recognition by CLRs that are expressed by antigen-presenting
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cells, such as dendritic cells (DCs) and macrophages, is often
followed by receptor-mediated endocytosis. After intracellular
trafficking into lysosomal compartments, products of
lysosomal degradation are then presented to CD4" T cells on
MHC II receptors. Alternatively, antigen presentation to CD8"
T cells on MHC I receptors can occur through -cross-
presentation pathways. Secondly, many CLRs can also trigger
signalling cascades that ultimately result in a modulation of
the cytokine inventory of the antigen-presenting cell.*® The
composition of the secreted cytokine cocktail affects
polarization of adjacent T cells and shapes immune
responses depending on the encountered pathogen. Thus,
myeloid CLRs are mediators between innate and adaptive
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Fig. 1 Immune functions mediated by myeloid CLRs.
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immunity. Apart from their predominant role in
antimicrobial immunity, myeloid CLRs can exert many other
functions related to cell homeostasis or cancer.”® The fact
that CLR signalling can potentiate and shape adaptive
immune responses renders them highly attractive targets for
the development of CLR-agonistic vaccine adjuvants.'®'" In
addition, targeted delivery of antigens to specific myeloid cell
subsets has the potential to generate very efficient
vaccination responses.'?

However, besides their protective role in innate immunity,
CLRs represent potential entry receptors for various
pathogens.>® Exploitation of CLRs has been described for
many pathogenic viruses, such as coronaviruses,"'* Ebola
virus,"”” HIV,"® and many others.>® In addition, CLRs can
have a detrimental role in bacterial infections and parasitic
diseases.'”** Similarly, overstimulation of CLR signalling by
pathogens can induce exacerbated immune reactions, so
called “cytokine storm” pathologies.** >® Thus, the inhibition
of CLR-pathogen interactions represents a promising strategy
for modulating disease progression in various infectious
diseases, with the added benefit of addressing a target that is
encoded in the host genome and not subject to frequent
genomic mutations.

Due to broad and overlapping specificities for natural
carbohydrate ligands, targeting individual receptors of the
CLR family remains a challenging task and molecules that
are able to specifically address certain CLRs are in high
demand for functional biological studies, as well as various
therapeutically-relevant applications. To achieve this goal,
many efforts have focused on antibody-based strategies or
the development of multivalent molecules presenting natural
carbohydrate ligands. This review, however, focuses on the
application of rational drug design strategies for the
development of small molecule ligands targeting myeloid
CLRs. Also, CLRs that are predominantly expressed on non-
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myeloid cell types, such as the selectins, Lox-1, or ASGPR, are
not considered here. Since many myeloid CLRs have not yet
been the target of drug discovery campaigns and research
into glycomimetic dectin-2 and macrophage galactose lectin
(MGL) ligands is still in its infancy,”””*® this review focuses
on case studies of the most thoroughly investigated myeloid
CLRs Mincle, Langerin, and DC-SIGN.

CLR architecture and carbohydrate binding

In distinction to other modes of carbohydrate binding, CLRs
were historically defined as receptors that utilize Ca®"
cofactors to coordinate the hydroxyl groups of their natural
ligands.? In fact, many CLRs feature up to four Ca>* binding
sites. Besides their role in carbohydrate binding (Fig. 2A),
some Ca®" binding sites also regulate domain stability.***"
However, certain CLR subgroups lack typical Ca®"-binding
motifs. These receptors recognize carbohydrates by a
different mechanism (e.g., B-glucan in the case of dectin-1) or
have evolved to recognize different classes of ligands
altogether (e.g., F-actin in the case of CLEC9A).>*** Overall,
the C-type lectin superfamily comprises more than 1000
members that are defined by their conserved C-type lectin-
like domain (CTLD, Fig. 2A).>**" CLRs have been categorized
into 17 groups based on their domain organization and
phylogenetic origin. CLRs expressed on myeloid cells
generally belong to group 2 (asialoglycoprotein-like CLRs),
group 5 (natural killer cell receptor-like CLRs), and group 6
(multi-CTLD endocytic receptors). Group 2 CLRs contain a
single C-terminal carbohydrate recognition domain (CRD) at
the end of a hydrophobic neck that separates it from the cell
These receptors predominantly exist as
homooligomers,****® although heterooligomerization with
other CLRs has also been described.*”*” A short
transmembrane region connects the extracellular domain

surface.
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Fig. 2 A) Typical C-type lectin-like domain (CTLD) fold and close-up view of the carbohydrate binding site (DC-SIGN, PDB 2IT6). B) Domain
organization and exemplary members of CLR groups expressed by myeloid cells.
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(ECD) to the N-terminal intracellular domain, which often
contains signalling or internalization motifs. Notably, all
CLRs discussed below belong to this group. Group 5 CLRs
are characterized by a similar domain organization, but tend
to form monomers or homo-/heterodimers.>*>%*"3%  Ag
described above, CLRs belonging to this group lack the
canonical Ca*'-dependent carbohydrate binding site. The
ECD of group 6 CLRs typically contains multiple CRD
repeats. Importantly, not all of those CRDs contain residues
necessary for the formation of Ca*" binding sites. Those
subdomains are incapable of binding carbohydrate ligands.*®

Carbohydrate binding sites and glycomimetic CLR ligands

In a typical CLR binding site, a carbohydrate ligand is bound
via complexation of its hydroxyl groups by a Ca*" cofactor.
The primary carbohydrate binding site is enclosed by the so
called long loop (Fig. 2A). This region is characterized by a
high degree of flexibility and may be involved in an allosteric
mechanism controlling Ca®" affinity and, thus, ligand
binding.***° Similarly, carbohydrate recognition can be
tightly regulated by pH-sensors.’*** In some cases, this
mechanism mediates ligand release after endocytosis into
acidic lysosomes.”" CLR binding sites are typically shallow
and solvent exposed. Thus, polar carbohydrate ligands are in
constant competition with water molecules, which can
transiently engage in similar interactions as the hydroxyl
groups of sugars. In addition, carbohydrate binding requires
desolvation of those functionalities, which imposes further
enthalpic costs on the free energy of binding.** As a
consequence, monosaccharide ligands are generally
recognized with low binding affinities (Kps in millimolar
concentrations) employing multiple transient binding modes.
Oligosaccharide ligands achieve higher binding affinities
through secondary interactions with nearby residues, beyond
the canonical Ca** complexation. Nevertheless, intermediate
affinities (Kps in sub millimolar concentration) are common.
As a result, efficient pathogen recognition requires binding
to a surface presenting large numbers of repeating units of
low affinity carbohydrate ligands. Thus, high avidity is
typically achieved by multivalent presentation. Apart from
their low binding affinities, carbohydrate-derived molecules
suffer from pharmacokinetic drawbacks related to their high
polarity, quick metabolic turnover by glycosidases, and rapid
renal clearance.”* Thus, glycomimetic ligands must be
designed to overcome the inherent disadvantages of
carbohydrates in drug design. The implementation of
secondary hydrophobic interactions, in particular, has the
potential to not only improve affinity, but also reduce polarity
compared with the parent carbohydrate.

Non-carbohydrate CLR ligands

Given the shallow and polar nature of their carbohydrate
binding sites, it is not unreasonable to assume that CLRs
constitute challenging targets for the development of drug-
like small molecule ligands. In fact, computational tools for

This journal is © The Royal Society of Chemistry 2021
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binding site prediction and druggability analysis, such as
DoGSitescorer,*” categorize CLRs as “difficult” or even
“undruggable”.*® However, when this prediction was probed
in biophysical fragment screening campaigns, high hit rates
were observed for multiple CLRs.**™*® It has since been
shown that fragments often bind to secondary sites on the
solvent exposed surface of CLRs, or that inherent flexibility
in loop regions can open transient secondary binding pockets
for fragment-sized ligands.*® These transient sites may exert
allosteric control over ligand binding to the primary
carbohydrate binding site.*® These insights open avenues for
an alternative drug design strategy that avoids the use of
potentially problematic carbohydrate substructures in
prospective drugs.

Case studies of medicinal chemistry efforts targeting CLRs

The following section summarizes the current state of
research on the CLRs Mincle, Langerin, and DC-SIGN. As
noted above, the focus of this review is on studies driven by
medicinal chemistry principles, rather than multivalent
strategies relying on the presentation of natural
carbohydrates. In many cases, affinity values of lead
compounds are given as half maximal inhibitory
concentrations (ICs,) or some other appropriate measure. It
has to be noted that affinity values from different assays are
not easily comparable and an evaluation of the relative
potency of compounds characterized in different assays is
difficult. This issue could be alleviated if more researchers
implemented the use of unified controls, such as defined
monosaccharide ligands.

Monocyte-inducible C-type lectin (Mincle)

As its name suggests, Mincle is an inducible receptor on
myeloid cells that is barely expressed in the resting state.>>>"
Its expression can be induced upon activation of the cell, e.g.,
by stimulation of toll-like receptors (TLRs) or the
constitutively expressed macrophage C-type lectin (MCL). The
intracellular domain of Mincle associates with the Fc receptor
gamma (FcyR) signalling chain, which contains an
immunoreceptor tyrosine-based activation motif (ITAM).
Stimulation of Mincle by an agonistic ligand ultimately
results in the excretion of pro-inflammatory cytokines that
induce proliferation of T helper cells towards a Th1 or Th17
phenotype. This renders Mincle as an attractive target for
glycolipid-based ~ vaccine adjuvants boosting  the
immunogenicity of protein antigens.

Mincle has been identified as the main receptor for the
potent mycobacterial cell wall antigen trehalose dimycolate
(TDM, cord factor, 1) and its synthetic analogue trehalose
dibehenate (TDB, 2, Fig. 3).>”® Another Mincle ligand is the
natural product brartemicin (3).>* Besides these trehalose-
based molecules, other glycolipids containing mannose or
glucose have been identified as Mincle activators.*™” In
addition, Mincle recognizes dead-cell associated self-antigens
(SAP-130, B-glucosylceramide),”®> as well as cholesterol crystals
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Fig. 3 Structures of reported Mincle agonists based on fatty acid
esters of trehalose, mannose or glucose. Structure of the mycolic acid
side chains in the natural product TDM (1) may vary in length and
composition.

in atherosclerotic plaques and cholesterol sulfate as a
damage-associated ligand in the skin.®®®" Established
liposomal formulations of TDB (CAF01) have proven potent
adjuvanticity in vaccines against C. trachomatis and M.
tuberculosis.*>®

Several crystal structures of bovine and human Mincle are
available that shed light into potential binding modes of
glycolipid ligands (Fig. 4A).°*"®” The Ca®>" cofactor in the
primary carbohydrate binding site has been shown to
coordinate the ¢rans-diequatorial 3-OH and 4-OH of a glucose
moiety in trehalose (Fig. 4). The 2-OH group of the second
glucose is bound between Arg182 and Glul35 in a
cooperative  hydrogen bond network. Hydrophobic
substituents in position 6 of the central glucose then extend
towards a hydrophobic cleft on the protein surface that is
formed by Leu172, Val173, Phe197, and Phe198.%* This region
represents the main binding site for lipid substructures.
However, secondary lipid binding modes have also been
proposed.>”®
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Fig. 4 A) X-ray structure of bovine Mincle in complex with trehalose
monobutyrate (PDB 4ZRV). The butyrate acyl chain addressing the
hydrophobic cleft (orange surface) is not fully resolved. B)
Pharmacophore model for Mincle agonists (PDB 4ZRW). Primary (blue)
and secondary (green) carbohydrate binding sites are enclosed by the
primary (light brown) and secondary (dark brown) lipid binding site.
Whereas carbohydrate binding has been experimentally characterized
by X-ray crystallography, prediction of the lipid binding sites mainly
relied on computational studies.>”

Ligand-based approaches for the design of pro-
inflammatory Mincle agonists are commonly based on
trehalose glycolipids as starting points. Early on, it was
reported that the length of the lipid chain crucially
determined efficacy, with C,, (TDB, 2) resulting in the most
potent macrophage activation, whereas trehalose itself or its
short-chain fatty esters showed no effect.®® Later, increasing
evidence pointed to a striking dependence on the exact
structure of the lipid chain.’”**’® Whereas branched-chain
gentiobiosyl diacylglycerides only evoked a weak response,
truncated versions were found to be more active.®® Similarly,
linear fatty acids of glucose did not activate Mincle reporter
cell lines, whereas esters of mycolic acid derivatives gave a
strong response.”” Based on these observations, branched

This journal is © The Royal Society of Chemistry 2021
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fatty acid derivatives of glucose and mannose (4-5) were
prepared, which efficiently activated Mincle reporter cell
lines. These compounds also stimulated cytokine production
in various primary cell lines and showed pro-inflammatory
activity in mouse models, including a M. tuberculosis
challenge experiment.”” Importantly, the hydroxyl group in
position 3 of certain mycolic acids (corynemycolic acid, as in
1) did not contribute significantly to Mincle activation. From
this detailed SAR study supported by molecular dynamics
simulations, the authors derived a pharmacophore model for
Mincle agonists that predicted receptor activation when at
least three of four binding sites in the Mincle CRD are
occupied by a ligand (Fig. 4B): 1.) the primary Ca**-
coordination site, 2.) a secondary carbohydrate binding site
for trehalose derivatives formed by Glu135 and Arg182, 3.)
the hydrophobic cleft that forms the primary lipid binding
site, 4.) a secondary hydrophobic binding site on the CRD
surface. Importantly, the hydrophobic sites can be either
addressed by a single branched or two independent fatty
acids.

Interestingly, the dependence of a functional Mincle
response on lipid structures seems to be partly species-
specific. Whereas murine cells displayed a higher tolerance
for variations in the structure of o-branched trehalose
diesters, human cells showed strong preference for fatty acid
chains of intermediate chain length.”" It was also
demonstrated that Mincle signalling can be activated by
structurally simple f-alkyl glycosides modified with an
additional fatty acid.”> The most potent compounds from
this series were octyl or lauryl B-glucosides featuring
branched fatty acid esters or esters of a cholesterol derivative
in position 6 (6-7). Considering the relative instability of
ester linkages in vivo, Lynch et al. synthesized a series of
trehalose diamide glycolipids.”® The authors hypothesized
that an increased hydrolytic stability could result in an
enhanced adjuvanticity of Mincle agonists. In cellular assay
systems, matched amide and ester pairs showed no
significant activity difference. However, when the compounds
were applied in a mycobacterial vaccination challenge in
mice and sheep, amide-based adjuvants elicited enhanced
antigen-specific immune responses.

After identification of the natural product brartemicin (3)
as a Mincle ligand,>* efforts for the rational optimization of
Mincle agonists based on its structure were launched (Fig. 5).
Initially, the natural product itself was reported to bind to
bovine Mincle with a K; of 5.5 uM.>* Later studies with
murine and human isoforms, however, showed no binding.74
Whereas, these apparent discrepancies could potentially be
attributable to species-specific polymorphisms in the binding
sites, the authors hypothesized that also lack of
comparability between the employed assays could be a factor.
In cellular assays, however, brartemicin itself evoked no or a
less effective Mincle-induced immune activation in
peripheral blood mononuclear cells (PBMCs) or bone
marrow-derived  macrophages (BMDM).”*”>  Synthetic
brartemicin analogues containing aliphatic aryl ethers

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Mincle agonists based on the natural product brartemicin (3

showed a much improved binding affinity in a direct ELISA-
type binding assay.”* An intermediate chain length (C7, 8)
was found to give a more potent interaction than longer
variants (C18, 9). Surprisingly, the long-chain derivatives were
found to be much more active in a functional NFAT-GFP
reporter cell assay, revealing a stark disconnect between
Mincle binding affinity and functional activation of pro-
inflammatory signalling. In an extensive optimization
campaign, brartemicin analogues with differently substituted
aromatic moieties were synthesized.”> Introduction of short
alkyl- or alkoxy residues in positions 3 and 5 of the benzoate
(10-13) lead to increased activity in human PBMCs. Upon
extension of the alkyl substitution pattern to a tert-butyl
group (14), an agonist with remarkable activity was obtained.
In concentrations below 1 uM, 14 potently induced
expression of cytokines indicative of a Th17 response in
PBMCs (IL-1B, IL-6, IL-23, TNF-o). Further SAR studies
revealed that the tert-butyl group in position 3 was critical for
activity, whereas the hydroxyl group in position 2 was not. In
an in vivo vaccine challenge with the M. tuberculosis antigen
M72 in mice, a liposomal formulation of 14 produced a
strong IgG2a/humoral Thi-biased immune response.”> A
follow-up experiment revealed a pronounced Th17-polarized
T cell response, indicating efficient protection against M.
tuberculosis infection after immunization. To improve the
physicochemical properties of prospective Mincle ligands and
extend secondary interactions in the vicinity of the trehalose
binding site, Rasheed et al investigated the brartemicin

RSC Med. Chem., 2021, 12, 1985-2000 | 1989
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derivatives containing an amide or sulfonamide linkage.”® As
observed for other brartemicin analogues, the introduction of
bulky groups in benzamide substituents was required for
induction of cytokine production in human PBMCs.
Intriguingly, related compounds featuring a sulfonamide
linkage were only moderately active in cellular assays.

It must be mentioned that most of the compounds
developed as Mincle ligands are very hydrophobic. In a
typical Mincle activation assay, compound stock solutions in
volatile organic solvents are used to coat microtiter plates,
which are in turn charged with cell culture medium.
Alternatively, ligand stocks in DMSO are directly diluted in
cell culture medium, which leads to compound
precipitation.”” Fully soluble ligands, such as brartemicin
itself or its short-chain analogues, are an exception. Thus,
the general picture that emerges from the extensive SAR
studies summarized here shows that glycolipids can only
activate Mincle signalling in the solid state or when
embedded into a cell membrane or liposomal formulation.
Soluble ligands, however, do not seem to be able to activate
receptor signalling, despite formidable binding affinity. It is
yet unclear how information about ligand recognition is
propagated across the cell membrane and which structural
mechanisms contribute to receptor activation on a molecular
level. Some authors even describe a dependence of the assay
result on the solvent used for plate coating.”® Thus, Mincle
activation might be dependent on the particular nanoscale
properties of the precipitates generated in assay preparation.
This hypothesis adds a new layer of complexity to the
research into Mincle-targeted adjuvants. Further studies are
required to gain a better understanding of the structural
prerequisites, as well as supramolecular effects on Mincle
activation.

75

Langerin

Langerin is exclusively expressed by a subset of skin-resident
DCs called Langerhans cells (LCs).”” This surface bound CLR
recognizes pathogens via their surface carbohydrates and
mediates  internalization,  antigen  processing  and
presentation. Because of its restricted expression pattern on
powerful antigen-presenting cells, targeted antigen delivery to
Langerin-expressing antigen-presenting cells has been
identified as a promising strategy to boost vaccination
responses.'” In particular, the slow release of antigens from
endosomal compartments after Langerin-mediated antigen
internalization promotes efficient cross-presentation and, in
turn, stimulation of CD8" T cells.">”””® In addition, specific
LC targeting could also prove to be relevant for the treatment
of Langerhans cell histiocytosis, a paediatric form of cancer
characterized by the abnormal proliferation of Langerin®
myeloid progenitor cells.

The extracellular domain of Langerin consists of a
canonical CRD and a neck region promoting the formation
of receptor trimers stabilized by a coiled-coil of a-helices.**”®
In the primary carbohydrate binding site, Langerin binds cell
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Fig. 6 Carbohydrate binding site of human Langerin in complex with
N-acetyl glucosamine (PDB 4N32). Positively charged lysine residues
involved in the recognition of sulfated carbohydrates are coloured
blue. Secondary hydrophobic patches implicated to accommodate
aromatic substituents of glycomimetics are highlighted in light brown.

surface glycans with a specificity for mannose, fucose,
N-acetyl mannosamine, and N-acetyl glucosamine epitopes,
as well as heparin-derived, sulfated carbohydrates in a Ca**-
dependent manner.””® Langerin features two positively
charged lysine residues in close proximity to the primary
carbohydrate binding site, which provide a site of interaction
for sulfated sugars (Fig. 6).57%

Targeting approaches employing natural carbohydrate
epitopes would undoubtedly face insurmountable issues with
selectivity, as other myeloid cell subsets express many
different receptors with similar specificities on a
monosaccharide level. Thus, the identification of selective
glycomimetic ligands tailored towards Langerin recognition
is a significant milestone in the development of Langerin-
targeted vaccines. Supported by a preliminary docking study,
a series of compounds based on propargyl N-acetyl
mannosaminide (15) were prepared and analysed for their
Langerin affinity in a '°F R,-filtered NMR assay (Fig. 7).%° The
most potent compounds from this series featured negatively
charged substituents with moderate affinities (16: K; = 7.6
mM, 17: K; = 1.3 mM), which still represents an up to 36-fold
affinity increase over the parent compound 15 (K; = 48 mM).
Based on data from an 'H-'’N HSQC NMR experiment, the
increased potency of 17 was attributed to an electrostatic
interaction between its sulfonate group and the residues
Lys299 and Asn307 (Fig. 6). Using a similar approach,
Wambhoff et al later developed glycomimetic Langerin
ligands based on the heparin-derived ligand glucosamine-2-
sulfate (18).%° Leveraging sulfonamide substituents as an
isosteric replacement of the sulfate group in position 2 of the
glucosamine core, the authors reported a 13-fold increase in
binding affinity for the N-tosylated glucosamine derivative 19
compared to the reference N-acetyl glucosamine, with an
NMR-derived K; value of 0.32 mM. In the complex of 19 with
Langerin, the electrostatic interactions between the negatively

This journal is © The Royal Society of Chemistry 2021
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Glycomimetic langerin ligands
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Fig. 7 Exemplary structures of glycomimetic and fragment-derived
Langerin ligands.

charged sulfate group of parent compound 18 and nearby
lysine residues were presumably replaced by cation-n
interactions with the same positively charged sites, as well as
additional hydrophobic contacts to the apolar side chains of
Phe315 and Pro310 (Fig. 6). Glycolipids presenting 19 on a
flexible ethylene glycol linker were then incorporated into
functionalized liposomes.®® Flow cytometric analysis showed
specific interaction of the functionalized liposomes with
Langerin-expressing cells, whereas no interaction was
observed with cells expressing the related CLRs dectin-1 or
DC-SIGN. Furthermore, when primary epidermal cell
suspensions from skin biopsies were treated with the
functionalized liposomes, targeting of LCs proved to be
equally effective, as no interaction with keratinocytes or T
cells was observed. The experiment was extended towards
whole skin cell suspensions, in which only 3% of off-target
myeloid cells interacted with functionalized liposomes.
Importantly, liposomes containing doxorubicin as a cytotoxic
payload were only lethal to Langerin' cells, whereas no
cytotoxicity was observed for Langerin~ controls.

As an alternative strategy to targeting CLRs with
glycomimetic ligands, fragment-based approaches have been
proven viable. Early reports revealed a high hit-rate of 15.7%
from an NMR-based screening against Langerin."® Following
up on a pilot study with a smaller library,® Aretz et al
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evaluated 871 fragments for their ability to bind murine
Langerin ECD by NMR.* This effort revealed 78 hits (9% hit-
rate). Hit validation by SPR confirmed 53 hits, however, only
three compounds were found to compete with the
carbohydrate-based ligand mannan in an enzyme-linked
lectin assay (ELLA). Derivatives of the three respective
fragment scaffolds were evaluated by STD-NMR and a
fragment microarray assay to gain a first insight into SAR.
Compounds based on a thiazolopyrimidine-5-one core were
found to be most promising and highly selective for the
targeted murine ortholog of Langerin. An extensive effort of
fragment elaboration and rescaffolding revealed activity cliffs
for certain substitution patterns in the functional mannan
ELLA that were absent in the biophysical NMR binding assay,
indicating that only a subset of physically interacting ligands
was able to compete with carbohydrate binding. This was
attributed to a switch of binding modes that induced shifts
in the protein conformation towards an active or inactive
state, respectively.  Ultimately, the most potent
thiazolopyrimidine derivative 20 inhibited mannan binding
with an IC;, of 50 uM (Kp_app_nmr = 450 uM). The apparent
allosteric mechanism that controlled carbohydrate binding
was further investigated by "H-'>N HSQC NMR experiments
revealing that the putative allosteric ligand 20 and primary
site ligand mannose perturbed different resonances. Further
NMR titrations then showed that the allosteric ligand solely
affected the affinity of carbohydrate ligands, whereas no
effect on the capacity of the protein to bind the Ca** cofactor
was observed. The presence of a carbohydrate ligand
similarly reduced the affinity of 20, confirming a
bidirectional allosteric “switch” mechanism between the
fragment binding pocket and the primary carbohydrate
binding site. Whereas the applicability of allosteric CLR
ligands for therapeutic applications is still to be proven, the
allosteric inhibition of carbohydrate binding by fragment-
derived small molecules in Langerin is an important proof of
concept. Because carbohydrate-derived molecules are likely to
struggle with pharmacokinetic issues related to their
comparably high polarity and metabolic instability, an
allosteric modulation of CLR function with drug-like ligands
holds great potential. Moreover, it was recently demonstrated
that catechol-containing fragments can even directly compete
with carbohydrate ligands in the primary binding site.®”

Dendritic cell-specific intercellular adhesion molecule 3
grabbing non-integrin (DC-SIGN)

DC-SIGN is mainly expressed by immature dermal DCs,
interstitial DCs in lungs, intestine, rectum, cervix, and
placenta, as well as mature DCs in lymphoid tissues.’
Disregarding the implications of its name, however, the
receptor is also expressed by other myeloid cells.*® DC-SIGN
is involved in the capture of many different pathogens of
viral, bacterial, fungal, and parasitic origin.®® The main
function of the receptor is the internalization of captured
pathogens into lysosomal compartments, which is usually
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followed by antigen processing and presentation. DC-SIGN
gained a lot of attention as a potential drug target when its
detrimental role in the pathology of HIV infections was
reported.’® Studies showed that HIV particles were able to
subvert intracellular routing into lysosomes, but were instead
accommodated in subcellular compartments near the cell
surface (“invaginated pockets”), where they could persist
undetected by the host immune system during DC migration
into lymph nodes.”® In a process called trans-infection, HIV-
susceptible CD4" T cells were, in turn, presented with
infective virus particles. Similar cis- and trans-infection
mechanisms involving DC-SIGN, or its close analogue DC-
SIGNR, have since been demonstrated for many different
pathogens, many of which of viral origin.>** In the context
of the recent SARS-CoV-2 pandemic, preliminary reports from
proteomic studies of COVID-19 patients drew a connection
between DC-SIGN expression levels and disease severity.”"
Overall, the link between DC-SIGN-mediated virus
recognition and a detrimental outcome for the host
predisposes this receptor as a target for a broad-spectrum,
host-directed, antivirulent treatment strategy.'*** %> Given
the fact that both the receptor, as well as glycan structures
decorating viral envelope glycoproteins are ultimately
encoded in the host genome, targeting this system represents
a promising strategy for the early response to newly emerging
viruses with pandemic potential and problematic variants of
existing pathogens. However, whereas these processes are
well-documented in cellular in vitro models, the study of
trans-infection phenomena and other DC-SIGN-related
pathologies in animal models remains a challenge. In mice,
eight homologous genes (SIGNR1-8) clustered in the same
genomic region encode for receptors varying in ligand
specificity, function, and domain organization.”®® Thus,
studies of DC-SIGN function in mouse models require the
use of transgenic animals.”*'°° The lack of meaningful and
easily accessible in vivo models complicates the translation of

i
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DC-SIGN-targeted pharmacological interventions into the
clinic.

The canonical CRD of DC-SIGN is anchored to the cell
membrane via a hydrophobic neck of variable length.*® The
neck domain typically consists of five to seven consensus
repeats that have been shown to mediate receptor
tetramerization.>®> However, soluble isoforms have also been
described. Upon acidification, residues in the neck domain
change their protonation state, which induces the separation of
receptor tetramers.> This pH-sensitive switch mechanism
ultimately reduces the affinity towards multivalent ligands in
lysosomal compartments and enables ligand release and
recycling of the free receptor to the cell membrane. DC-SIGN is
characterized by a broad specificity for glycans containing
mannose and fucose epitopes. This includes mannose-based
carbohydrate structures that are often found on pathogen cell
surfaces (e.g, high-mannose glycans, mannan, mannosylated
lipoarabinomannan), as well as fucose-containing “self-glycans
(e.g., blood group antigens, Lewis antigens). The latter category
emphasizes the role of DC-SIGN in self-adhesion processes,
such as the formation of the immunological synapse between
DCs and T cells.” The molecular details of carbohydrate binding
to DC-SIGN have been particularly well studied. Canonically, the
receptor binds fucose ligands via complexation of the cis-
configured 3-OH and 4-OH and mannose ligands via
complexation of the trans-configured 3-OH and 4-OH, resulting
in a distinct binding mode for fucose- and mannose-based
glycans.’® For small mono- or disaccharide mannose ligands,
carbohydrate coordination can be achieved in two distinct
orientations, which are related by a rotation of the ligand
molecule."” Based on the observed occupancy in the X-ray
structure of the DC-SIGN/Man-o-1,2-Man-complex, the resulting
binding modes have been dubbed “major” (reducing end
oriented away from the binding site, Fig. 8A) and “minor”
(reducing end oriented towards the binding site, Fig. 8B).'*
However, binding modes employing other hydroxyl groups are

C i
\ Fragment

binding site

4 Glu347
-. 5

Asn349 |
3

'[Major mannose binding mode]

/ /] y
[Minor mannose binding mode|

Fig. 8 Carbohydrate recognition in DC-SIGN. A) Mannose binding in the major binding mode (PDB 2IT6, occupancy >50%). B) Mannose binding in
the minor binding mode (PDB 2IT6, occupancy <50%). C) General pharmacophore model for glycomimetic DC-SIGN ligands. Secondary binding
sites for fucose-based glycans (green), oligomannose-type glycans (blue), and shallow pocket implicated in binding of small molecule fragments

(light brown) are highlighted.
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also known. By employing fluorinated mannose derivatives and
an NMR method that was able to report on low affinities and
weakly populated states, Martinez et al. were able to uncover
alternative binding modes employing the trans-configured 2-OH
and 3-OH of mannose, thereby mimicking the fucose binding
mode, albeit with much reduced affinity."** This binding mode
promiscuity has to be taken into account in the rational design
of glycomimetic ligands, because sudden switches of the
preferred mannose orientation may induce unexpected affinity
cliffs in SAR studies. Many ligand optimization efforts have
targeted partly hydrophobic subsites adjacent to the primary
carbohydrate binding site. Notably, Phe313 and a shallow
hydrophobic cleft in its vicinity have proven capable of binding
hydrophobic ligands (Fig. 8C).**'% In addition, a loop region
towards the back of the binding site, the so called long loop
(Fig. 2A), can accommodate secondary interactions. In
particular, Val351, which is important for the recognition of
fucose and fucose-based glycans,'®” represents a possible target
for glycomimetic compounds (Fig. 8C)."*%8

Mannose-based glycomimetics as ligands for DC-SIGN

To improve the binding affinity of the minimal binding
epitope mannose, early glycomimetic approaches investigated
C-2 branched mannose derivatives as DC-SIGN ligands
(Fig. 9). These studies resulted in the discovery of
2-C-aminomethyl-o-mannose (21) that showed a sub
millimolar activity (ICs, = 0.35 mM) in an SPR competition
assay.'” The consideration that the hydroxyl group
configuration of mannose is mimicked by the natural
product shikimic acid, prompted the investigation of a series
of shikimic acid derivatives in a solid-phase fluorescence
assay."'® Although only moderately active (ICso = 3.2 mM),
the most potent compound from this study (22) proved
amenable to incorporation into a multivalent polymeric
scaffold. Multivalent presentation of the weakly binding
epitope gave an approximately 1000-fold increase in affinity
for the functionalized polymer (ICs, = 2.9 uM). By targeting
the hydrophobic groove adjacent to Phe313, mannose
derivatives bearing large hydrophobic aglycones have been
designed."® The most potent analogue 23 bearing two bulky
naphthyl groups showed an ICs, value of 40 uM in a
competitive solid-phase immunoassay. Docking studies
initially supported the expected binding mode hypothesis, in
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Fig. 9 Exemplary structures of glycomimetic DC-SIGN ligands.
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which the mannose is coordinated in the minor binding
mode and the aromatic aglycone is accommodated in two
partly hydrophobic clefts on both sides of Phe313. However,
molecular dynamics simulations starting from the proposed
binding mode revealed residual flexibility in the hydrophobic
moieties and hinted at various other potential binding
modes. The Bernardi group pioneered a class of pseudo-
dimannoside mimetics employing a carbasugar analogue.'™
In comparison to Man-o-1,2-Man, pseudo-dimannoside
mimetic 24 proved to be more resistant towards enzymatic
digestion and was found to be three times more active in
inhibiting the interaction of Ebola envelope glycoprotein-
pseudotyped viruses to DC-SIGN™ cells (IC5, = 0.62 mM)."*?
Moreover, structural analysis by X-ray crystallography and
NMR revealed that, in contrast to the natural disaccharide,
pseudo-dimannoside 24 engaged the protein in a single
binding mode.'*® The binding mode of 24 was characterized
by a hydrophobic contact of its cyclohexane moiety with
Val351, which is accommodated in the long loop toward the
back of the binding site (Fig. 10B). This interaction firmly
locked the ligand into the major binding mode. Based on
this finding, further structure-based optimization studies
were initiated. With the goal of extending the Val351
interaction, two benzamide moieties were introduced into
the cyclohexane core of the molecule.’”” This yielded a series
of compounds with improved potency up to ICs, = 0.3 mM
for pseudo-dimannoside 25 in an SPR competition assay.
Importantly, the authors were able to show a marked
increase in the selectivity against Langerin binding, which is
a supposed anti-target for the therapeutic application of DC-
SIGN ligands in HIV infection. A further effort to improve
selectivity capitalized on the fact that Langerin features a
specific binding site for sulfated sugars, which is not present
in DC-SIGN.®** In particular, Langerin recognizes 6-O-sulfated
hexoses via interaction with charged lysine residues in a
secondary binding site (Fig. 6). The introduction of a
positively charged amino group in position 6 of pseudo-
dimannoside 25 was expected to abrogate any off-target
binding to Langerin. In fact, the validity of this approach
could be demonstrated in an SPR assay, in which 26 proved
to be fully selective for DC-SIGN over Langerin. Compared
with pseudo-dimannoside 25, the positively charged analogue
26 even showed a slight improvement in affinity
(SPReompetitive: ICs0 = 254 tM; SPRyirece: Kp = 310 uM; ITC: Ky,
= 171 uM). Further improvement of this class of DC-SIGN
ligands was driven by a virtual fragment screening that aimed
to identify viable secondary interactions in the vicinity of the
pseudo-dimannoside binding site.’*® These efforts revealed
an ammonium binding pocket between Glu358 and Ser360.
In the respective docking poses, an ammonium group of
positively charged fragments assumed a position, which is
often occupied by a conserved water molecule or a hydroxyl
group of an oligomannoside ligand in other -crystal
structures.'®®'%®  Besides engaging in charge-assisted
hydrogen bond interactions to Glu358 and Ser360, aromatic
fragments bound in this region were able to capitalize on n-n
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Fig. 10 Evolution of pseudo-dimannoside ligands from Man-a-1,2-Man analogue 24 to potent and highly selective compound 27. A) Chemical
structures of pseudo-dimannoside DC-SIGN ligands. B) X-ray crystal structure of 24 in complex with DC-SIGN CRD (PDB 2XR5). In addition to
canonical mannose recognition in the major binding mode, the cyclohexane ring engages in hydrophobic interactions with Val351. C) X-ray crystal
structure of 27 in complex with DC-SIGN CRD (PDB 6GHV). The increased affinity of optimized pseudo-dimannoside 27 is driven by extended
hydrophobic contacts to Val351 and charge-assisted hydrogen bonds to Glu358 and Ser360.

or CH-n interactions to Phe313. This observation prompted
the authors to extend the mannose moiety in pseudo-
dimannoside 24 with aminomethyl triazolyl substituents in
position 2. The resulting compound series generally showed
a markedly improved affinity over 24 in an SPR competition
assay. A breakthrough was achieved upon combination of the
benzamide substitution found in 25 with the additional
engagement of the ammonium binding site. As a result,
pseudo-dimannoside 27 showed a high affinity towards DC-
SIGN (SPRcompetitive: 1C50 = 76 UM; SPRyirect: Kp = 53 uM; ITC:
Kp = 52 puM) and full selectivity against Langerin. The
discovery of 27 exemplifies the additivity of secondary
interactions observed for mannose- and fucose-type glycans.
Whereas hydroxyl groups of Man-o-1,2-Man-based glycans
assume the conserved water position between Glu358 and
Ser360,'°>1% fucose-based glycans commonly interact with
Val351 (Fig. 10C)."%>""?

Several efforts for the multivalent presentation of pseudo-
dimannoside  glycomimetics initiated. ~ Unlike
multivalent compounds employing natural carbohydrates,
this strategy represents a direct extension of medicinal
chemistry design principles to multivalency. Whereas higher
valency dendrimers presenting 24 or 25 struggled with low
solubility, less strongly modified analogues proved to be
efficient DC-SIGN ligands with high potency in biophysical

were

1994 | RSC Med. Chem., 2021, 12, 1985-2000

assays. In cellular models of Ebola virus infection, the
dendrimers  inhibited = DC-SIGN-mediated cis- and
trans-infection with ICs, values below 60 nM."'*'5 An
oligovalent display of compounds 24 or 25 on rigid molecular
rods resulted in even more efficient ligands that inhibited
trans-infection of CD4" T cells in an HIV infection model
with an ICs, as low as 24 nM.'® Moreover, the most
potent compound Polyman26 (28, Fig. 11) demonstrated
immunostimulatory properties in DCs.""” Just recently, the
activity of 28 against SARS-CoV-2 has been investigated."'® In
a competitive SPR setup, 28 inhibited the interaction between
DC-SIGN and SARS-CoV-2 spike glycoprotein with an ICs, of
9.6 pM. In addition, the compound was active in a
trans-infection assay.

Fucose-based glycomimetics as ligands for DC-SIGN

Efforts for the design of fucose-based glycomimetics have
employed the natural glycan ligand Lewis™ (29) as a design
template (Fig. 12). By substituting the GlcNAc and/or
galactose sugars in Lewis® with substituted (1S,2R)-2-
aminocyclohexane-1-carboxylic acid, a glycomimetic based on
a fucosylamide core (30) was obtained."'® These molecules
bound DC-SIGN with an up to two-fold higher affinity
compared with Lewis™. To improve synthetic accessibility and

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Structure of hexavalent molecular rod Polyman26 (28).

pharmacokinetic properties, further fucosylamide
glycomimetics featuring aromatic amide substituents on the
cyclohexane core were synthesized."*® However, these

compounds and analogues, in which the rigid cyclohexane
scaffold was replaced by a flexible B-alanine linker, showed
reduced affinity, compared with pseudo-trisaccharide 30.
Interestingly, variation of the cyclohexane stereochemistry
yielded improved binders, with diastereomers based on the
enantiomeric  (1R,2S)-2-aminocyclohexane-1-carboxylic ~ acid
scaffold showing the highest affinity (31). Overall,
optimization of fucose-based ligands was met with limited
success and mostly abandoned in favour of more promising
mannose-based glycomimetics, which offer more favourable
exit vectors to engage in secondary interactions.

Non-carbohydrate ligands of DC-SIGN

Due to their high polarity and unfavourable pharmacokinetic
properties, carbohydrate substructures can be problematic in
prospective drug molecules.*>"*" In an effort to identify DC-
SIGN ligands that were not based on a carbohydrate
structure, commercially available compound libraries were
screened for activity against DC-SIGN in a high-throughput
ELLA-type assay.'””> With an overall hitrate of 0.6%, this
effort provided seven hits that mainly belonged to two
structural classes (Fig. 13). Compounds based on a
quinoxazoline or pyrazolone scaffold (32-33) were able to
inhibit the interaction of a fluorescently labelled,

OH OH
OH OH
oON OH o OH
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&6;%
ol OH NHAG o0 — . o)
Ho. 0# WL HNbOH
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OH
OH
29 30

ICs0 = 0.80 mM ICs0 = 0.35 mM ICs0 = 0.47 mM

Fig. 12 Development of fucose-based glycomimetics from Lewis* (29).
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mannosylated BSA probe to a DC-SIGN-coated plate with ICs,
values between 1.6 uM and 32 puM. In a cellular adhesion
assay, 32 and 33 showed activity, albeit with decreased
affinity by up to 100-fold. Following up on these initial
results, the authors reported a study on the optimization of
quinazoline-type DC-SIGN ligands.'>® After the oxidizable
thioether function in previous quinoxazoline ligands had
been identified as a potential source of instability that
precluded the use of 32 and 33 in cellular assays and in vivo
studies, a chemical strategy for the substitution of the
thioether linkage by a saturated aliphatic chain was devised.
In particular, derivatives with aromatic substituents on the
piperazine-heterocycle and the aliphatic linker chain were
reported with high binding affinities for DC-SIGN ECD
between 0.31 uM and 10 uM. The most potent compounds 35
and 36 featuring a heterocyclic substituent on the piperazine
residue simultaneously showed improved aqueous solubility,
which enabled an assessment of their ability to block DC-
SIGN function in a cellular model. A respective flow
cytometric assay employing a DC-SIGN-expressing Raji cell

Me
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Fig. 13 Non-carbohydrate ligands discovered in a high-throughput
screening campaign with high reported affinities for DC-SIGN.
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line showed that 35 and 36 inhibited DC-SIGN-mediated
binding of a fluorescent probe (35: 53%/77% inhibition at
0.1/1 mM; 36: 79%/92% inhibition at 0.1/1 mM). Compared
with glycomimetic ligands, these compounds were reported
with unprecedented affinities for DC-SIGN. Accordingly, the
aromatic and mostly planar quinoxazoline or pyrazolone
ligands described above were able to interfere with
carbohydrate binding to the primary binding site of DC-SIGN,
despite the radically different chemical structure of the
natural ligands. Unfortunately, no conclusive structural
evidence for the binding mode of these compounds has been
provided so far.

Following up on their initial studies and previous
successes with Langerin, the Rademacher group collected
screening data for a library of 981 fragments from multiple
orthogonal fragment screening methods against DC-SIGN."®
The resulting 95 hits were counter-screened by SPR and an
ELLA-type assay. Interestingly, 61 compounds showed
binding affinity for DC-SIGN by SPR, whereas only four of the
initial hits actively interfered with carbohydrate binding to
the active site in the functional ELLA assay. Besides a low
druggability of the primary carbohydrate binding site, this
result indicated the presence of peripheral secondary biding
sites that were well-suited to bind fragment-like small
molecules. The most potent fragments from this study
showed affinities up to Kp = 0.3 mM. Intrigued by this
finding, the researchers employed extensive 'H-'"’N HSQC
NMR studies that resulted in the discovery of five secondary
binding pockets. In accordance with the screening data, it
was found that all four dextran-competitive fragments bound
to the same shallow pocket in the direct vicinity of the
primary carbohydrate binding site. The authors proposed
that the steric hindrance of carbohydrate binding from
fragments bound to this position was more likely than a
direct interaction with the central Ca*' cofactor. Thus, an
extension of a carbohydrate ligand toward this pocket was
proposed as a promising approach for the development of
potent glycomimetics. Considering reports on allostery in
CLRs, however, targeting allosteric pockets with drug-like
ligands remains a similarly attractive strategy.’***°

Conclusions

Because of their role in many biological processes related to
innate immunity, homeostasis, and cancer, myeloid CLRs
remain highly attractive targets for pharmacological
interventions. The potential uses of selective ligands for
myeloid CLRs include antiviral therapy, immune stimulation,
or targeted delivery of vaccines or other therapeutics to
specific myeloid cell subsets. In addition, potential
applications in autoimmune diseases, fibrosis, and cancer
have been proposed. The development of potent and selective
compounds is complicated by the fact that the binding sites
of most CLRs are shallow and solvent-exposed, resulting in
low binding affinities and broad ligand specificities on a
monovalent level. To overcome the low druggability of CLRs,
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two dominant strategies have been employed. Firstly,
glycomimetic ligands have been developed that are able to
engage in secondary interactions in the vicinity of the
primary carbohydrate binding site. Whereas these
compounds usually bind with modest affinities in the
micromolar range, secondary interactions can elicit a high
specificity for the target lectin. In combination with
multivalent presentation platforms, highly potent and
selective ligands for CLRs can be generated. Secondly,
binding sites for non-carbohydrate-derived molecules have
been described. As demonstrated for Langerin, molecules
binding to those sites can exert allosteric control over ligand
binding, which may be a general feature of ligand binding in
CLRs.

Many studies have provided SAR analyses of ligand
binding to CLRs and generated a much-improved picture
about the prerequisites for high affinity ligands for those
receptors. However, much less is known about the
relationship between ligand binding and receptor activation.
Given that many CLRs possess signalling capabilities,
information on ligand binding must be propagated from the
extracellular CRD into the intracellular space. Yet, the
specific mechanisms that promote signal transduction
remain mostly elusive. As an example, the diverging effect of
mannose- and fucose-based ligands in DC-SIGN recognition
can currently not be explained mechanistically by the
differences of the respective glycan binding modes in the
active site."”” An improved understanding of these processes
could, for example, greatly support the development of pro-
inflammatory Mincle agonists.

Besides the receptors discussed in this review, other
members of the myeloid CLR family represent interesting
therapeutic targets for diverse applications. Yet, most of these
proteins have not been targeted with glycomimetics or other
small molecule-based approaches. The accumulated
knowledge from research on Mincle, Langerin, and DC-SIGN
should provide ample ground for further drug design efforts
targeting this highly attractive class of proteins.
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